Future advancements in magnetocaloric refrigeration/heat pumping technologies depend on the discovery of new materials that demonstrate large, tunable magnetocaloric effects (MCEs) in the vicinity of coupled magnetic and structural phase transitions that occur reversibly with minimum hysteresis. With this in mind, we investigate phase transitions, microstructure, magnetic, thermal, magnetocaloric, and transport properties of (Gd5-xScx)Si1.8Ge2.2 compounds. Replacement of magnetic Gd with non-magnetic Sc in Gd5-xScxSi1.8Ge2.2 increases the ferromagnetic to paramagnetic first order phase transition temperature, TC, with only a minor reduction in MCE when x ≤ 0.2. We also demonstrate that hydrostatic pressure further increases TC and reduces the hysteresis of the first order phase transition in Gd4.8Sc0.2Si1.8Ge2.2 from 7 to 4 K. Temperature-dependent x-ray powder diffraction study of Gd4.8Sc0.2Si1.8Ge2.2 confirms the monoclinic ↔ orthorhombic structural transformation at TC, in agreement with magnetic, calorimetric, and electrical transport measurements. In addition to the substantial magnetocaloric effect, a large magnetoresistance of ∼20% is also observed in Gd4.8Sc0.2Si1.8Ge2.2 for ΔH = 50 kOe in the vicinity of the magnetostructural transition. In a drastic reversal of the initial doping behavior further additions of Sc (x > 0.2) suppress formation of the monoclinic phase, change the nature of the transition from first-to secondorder, and reduce both the transition temperature and magnetocaloric effect. In a drastic reversal of the initial doping behavior further additions of Sc (x > 0.2) suppress formation of the monoclinic phase, change the nature of the transition from firstto second-order, and reduce both the transition temperature and magnetocaloric effect.
Introduction
Ever since the discovery of the giant magnetocaloric effect (GMCE) [1, 2] magnetic refrigeration remains a growing area of interest. The GMCE was originally discovered in the Gd5Si2Ge2 compound, which is a member of a broad R5T4 (R is a rare-earth element, and T is a group 13-15 element) family of compounds that has been extensively studied due to interesting basic science and multiple functional properties, including GMCE, giant magnetoresistance, giant magnetostriction, spontaneous generation of voltage, and kinetic arrest [3, 4, 5, 6, 7] . In the pseudobinary Gd5SixGe4-x, the end members Gd5Si4 and Gd5Ge4 crystallize in closely related yet different orthorhombic structures (also known as O-I and O-II, respectively) with the former ordering ferromagnetically at a relatively high Curie temperature TC = 336 K [4, 8, 9] . Substitution of 50 to 57 at.% Si with Ge results in a monoclinic Gd5Si2Ge2 structure (M-structure) in the paramagnetic state that exhibits a first-order paramagnetic ↔ ferromagnetic M ↔ O-I transition, which is responsible for the GMCE near room temperature [4, 9] .
The monoclinic Gd5Si2Ge2 and related compounds are among the best magnetocaloric materials [10, 11] , yet their broad applicability is limited due to high cost of germanium.
Another obstacle inhibiting practical use of the Gd5Si2Ge2 and related materials is that raising its TC and the corresponding GMCE to room temperature (~293 K) from about 270 K without destroying its first-order nature has not been achieved. Chemical substitutions either lower the TC or promote the formation of the O-I phase, which possesses higher TC but does not preserve the GMCE [4] . Most of the substitutions have been tried on the T site because substitution of Gd by other rare earths results in a lower 4 TC due to the de Gennes rule [12] . However, recent results showed that one can promote ferromagnetism, maintain first-order transition, and increase TC by substituting Gd with Sc in a closely related Gd5-xScxGe4 system [13] .
Following this discovery, it was interesting to explore whether the substitution of Gd by Sc in Gd5-xScxSi1.8Ge2.2 also results in an increase of TC in these GMCE alloys. Sc is much smaller than Gd and chemical pressure effect can be expected. Both chemical pressure and application of hydrostatic pressure are known to enhance ferromagnetic behavior in Gd5(SixGe1−x)4 and increase the transition temperature [14, 15] : however, the change in the electronic structure (i.e. p-d hybridization) plays a larger role during substitution of, e.g. Ge by Si, than the size effect [16] . Therefore, the chemical pressure alone is not expected to be the sole determining factor when some of the highly magnetic gadolinium atoms are replaced by weakly magnetic scandium atoms in (Gd5-xScx)Si1.8Ge2.2. In fact, two competing processes are expected: the enhancement of TC due to size/chemical pressure effects and the reduction of TC due to dilution of the Gd sublattice with practically nonmagnetic element, Sc. We chose a slightly Ge-rich monoclinic phase instead of the stoichiometric 5:2:2 because Gd5Si1.8Ge2.2 is a stable monoclinic phase, while Gd5Si2Ge2 is located on the verge of instability, i.e. just about at the M to O-I phase boundary; consequently, we eliminated potential uncertainties related to the sensitivity of the structure to miniscule changes in the Si/Ge ratio [4, 17, 18 ] that may be difficult to control.
Here we present an experimental study on phase transitions, microstructure, magnetic, specific heat, magnetocaloric, and transport properties of Sc-doped Gd5Si1.8Ge2.2 compound. We show that the first order phase transition temperature can be increased with Sc doping in Gd5-xScxSi1.8Ge2.2 by approximately 10%, i.e. from 243 (for x = 0) to 266 K (for x = 0.2), and it can be further enhanced with the applied hydrostatic pressure to 274 K at P = 0.69 GPa, which corresponds to 11 K/GPa rate of change.
Experimental Details
Stoichiometric amounts of constituent elements were weighed and then arc melted together in an argon atmosphere to produce Gd5-xScxSi1.8Ge2. periodic table) while the Si and Ge purchased from Alfa Aesar were at least 99.99+ at.% pure. Gd and Sc were pre-alloy by melting at least three times together before adding Si and Ge. Each sample was re-melted five times with button flipped over after each melting to ensure homogeneity. As-prepared samples were single phase; therefore, none of the samples was annealed. Room temperature x-ray powder diffraction (XRD) was employed to perform the phase analysis and determine the lattice parameters (Philips X'Pert Pro diffractometer with Cu Kα1 radiation). Magnetic measurements of bulk polycrystalline samples were performed using a superconducting quantum interference device (SQUID) magnetometer (MPMS XL, Quantum Design, USA) in the temperature range from 2 to 300 K and in magnetic fields from 0 to 70 kOe. Initially magnetization, M(T), was measured during varying temperature at a constant field of 1 kOe in order to identify the Curie 6 temperatures, TC. The magnetization as a function of applied magnetic field, M(H), was measured isothermally near the corresponding TCs. These constant temperature magnetization curves were used to calculate the MCE, and in order to avoid erroneous magnetic entropy values occasionally reported for the first order phase transitions (FOPT), specific measurement procedures [20] were followed. From the M(H) curves, the change in magnetic entropy of each sample was determined using the Maxwell relation [21] :
Specific heat was measured from 2 to 350 K using a semi-adiabatic calorimeter [22] . The zero-field specific heat data of the Gd5-xScxSi1.8Ge2.2 with x = 0.1 and x = 0.2 were collected from 2 K to 350 K, while measurements with magnetic fields of 10, 20 or 30, and 50 kOe were performed from ~77 K to 350 K. From these heat capacity measurements, the adiabatic temperature change was calculated using the following relations [21] :
The temperature-dependent x-ray powder diffraction data were collected for x = 0.2 in order to directly examine the M to O-I structural transformation. The measurements were performed as described in Ref. 23 . X-ray patterns were analyzed using full-profile Rietveld refinement employing Rietica LHPM [24] . Electrical transport properties were measured using the Physical Property Measurement System (PPMS, Quantum Design) in magnetic fields from 0 to 50 kOe using a four-probe technique.
The microstructure and energy dispersive spectroscopy (EDS) measurements were carried out on an FEI Teneo SEM equipped with an Oxford Instruments Aztec EDS system [25] . The sample was embedded in epoxy and then ground and polished with 1 µm diamond slurry. EDS analysis was carried out from edge to edge or center to edge for x = 0.1 and 0.2 to check the concentration gradient throughout the samples. The analysis was carried out at 15 kV with 5000x magnification. The K lines were used to analyze for Si, Ge and Sc, and L-lines for Gd. Magnetization as a function of temperature for x = 0, 0.1, 0.2, and 0.5 measured at different applied magnetic fields depicted in Fig. 5 shows abrupt change in magnetization for x = 0, 0.1, and 0.2, also supporting a first order character of the PM-FM transition. As the Sc concentration increases, the isofield magnetization curves become increasingly broader as the magnetic field rises, and the transition temperature is hard to identify with the application of magnetic field of 50 kOe for x = 0.5 (Fig. 5d ).
Results and Discussion

Room
The magnetic entropy is one of the main parameters for initial evaluation of potential magnetocaloric materials. FOPT materials generally have much larger ΔSM peak values (hence they are called giant MCE materials) extending over a narrow temperature range, while SOPT materials have smaller ΔSM magnitudes spread over substantially broader temperature range; this is consistent with our results. Figure 6 shows the magnetic entropy changes calculated from the magnetization curves using relation (1) . Naturally, as the value of the applied magnetic field increases, so does the change in the magnetic entropy associated with the transition. The increase in Sc concentration results in a change from first to second order, which, consequently, reduces the peak value of ΔSM from -25 J/kg K for x = 0 to -7.5 J/kg K for x = 0.5 for the same magnetic field change of 0-50 kOe at their respective TCs.
Specific heat (Cp) has been measured as a function of temperature at various external magnetic fields for several Gd5-xScxSi1.8Ge2.2 compounds. At zero magnetic field the measurements were from 2 K to 350 K, and for H > 0 the starting temperature was ~77 K. Figure 7 shows Cp as a function of temperature at magnetic fields up to 50 kOe for x = 0.1, and 0.2. Sharp peaks observed at the respective ferromagnetic to paramagnetic transitions further confirm that both compounds (x = 0.1 and 0.2) undergo first order FM to PM transitions at TC. The anomaly in Cp near TC moves toward higher temperatures with increasing magnetic fields for x = 0.1 (inset, Fig. 7a ), suggesting that the compound retains a first order FM to PM phase transition in fields up to 50 kOe.
However, in the case of x = 0.2, the height of the Cp anomaly is suppressed and considerably broadened in a 50 kOe magnetic field (inset, Fig. 7b ), suggesting this compound has a weak first order transition at H ≥ 50 kOe, in agreement with the M(T) curve at 50 kOe (Fig. 5c) . The transition temperatures, TC, obtained from M(T) and Cp data agree with each other. Apparently, the x = 0.2 sample is located on the verge between FOPT and SOPT (with increasing magnetic field pushing it towards SOPT).
This observation indirectly confirms that the sample with x = 0.2 has the highest transition temperature in the Gd5-xScxSi1.8Ge2.2 system among the compositions that still maintain the first order phase transition.
The adiabatic temperature change (∆Tad) was calculated from the heat capacity data using relations 2 and 3. Figure 8 shows the adiabatic temperature change for samples x = 0.1 and x = 0.2. For x = 0.1, ∆Tad values of 9 K and 13 K were observed at T ∼ 265 K for ∆H = 30 and 50 kOe, respectively. Similarly, for x = 0.2, maximum ∆Tad values of nearly 5 K and 9 K were obtained at T ∼ 270 K for ∆H = 20 and 50 kOe (Fig. 8b) , which is 11 comparable to but slightly lower than the ∆Tad = 7 K at ∆H = 20 kOe for a heat-treated Gd5Si2Ge2 at the similar temperature [26] .
As mentioned above, the x = 0.2 composition is at the boundary of stability of the monoclinic structure, which means that any further addition of Sc will stabilize the orthorhombic phase in the paramagnetic state and lead to the removal of the first-order transformation; therefore, it appears that ~280 K is indeed the upper limit at which a strong magnetocaloric effect can be achieved in Gd5Si2Ge2-based alloys for magnetic field changes on the order of 50 kOe. Once a TC of 280 K is achieved by any chemical modification(s) studied to date, the O-I phase becomes a stable phase for both the PM and FM states [4] . While our results mainly support the hypothesis that the addition of Sc increases the chemical pressure leading to a higher transition temperature, it is clear that the TC limit is not fully defined by the lattice parameters. The unit-cell volume of Gd4.8Sc0.2Sc1.8Ge2.2 is lower than that of Gd5Si2Ge2 and, in principle, the former compound should have a higher TC, but the actual difference in TC is insignificant.
Even though both chemical pressure and chemical substitutions may not be viable approaches to move TC of Gd5Si2Ge2 into the room-temperature range while simultaneously maintaining GMCE, the application of hydrostatic pressure in R5T4 system can increase the temperature of the magnetostructural transition [4, 27] . Here we selected the Gd4.8Sc0.2Sc1.8Ge2.2 compound, which has the highest TC while still preserving the first order FM-PM transition. Figure 9 shows three subsequent M(T) measurements using the same specimen during both the heating and cooling in H = 1 12 kOe: pristine sample (measurement I), at applied pressure of 0.69 GPa (measurement II) and after releasing the pressure (measurement III). As expected, the application of 0.69 GPa further increases the TC to 274 K while maintaining the first order character of the phase transition. However we also observed a lower hysteresis (Thyst = ∼4 K) compared to that of pristine sample (Thyst = ∼7 K), which is unexpected considering that Magen et al. [28] report the increase of magnetic hysteresis in the unsubstituted Gd5Si2Ge2 due to the application of pressure. Indeed minimizing the hysteresis across first order phase transitions is critically important for magnetocaloric applications. After releasing the pressure, TC reverts back to the original value with thermal hysteresis ∼7 K. Essentially, external pressure extends the chemical pressure effect that comes from the addition of Sc; the upper limit for TC may be even higher but measurements at higher applied pressures are needed to verify this hypothesis.
The FOPT in Gd5Si2Ge2 and related materials involves a structural transformation between the high-volume high-temperature monoclinic phase (M, space group P1121/a) and low-volume low-temperature orthorhombic phase (O-I, space group Pnma). In order to confirm this transformation in Gd4.8Sc0.2Si1.8Ge2.2, we performed a temperaturedependent x-ray powder diffraction study of this alloy on cooling in zero magnetic field.
As expected, the monoclinic phase begins to transform into the orthorhombic phase around TC ~ 260 K. The Bragg peaks of both phases co-exist over a broad temperature span (~60 K), although the O(I) phase becomes the majority phase at 245 K. We note, however, that the FOPT transformations in finely ground non-annealed powders are 13 generally more sluggish, and therefore, broader compared to bulk polycrystalline and, especially, single-crystalline materials [17] . 
Conclusions
By replacing highly magnetic Gd with non-magnetic Sc and examining crystallographic, magnetic, magnetocaloric, specific heat, and electrical transport behaviors in Table 2 . Transition temperatures (TC) of the Gd5-xScxSi1.8Ge2.2 alloys obtained from M(T) data measured during heating, thermal hystereses (∆THysteresis), maximum magnetic entropy changes (-∆SM) obtained from M(H) data, and maximum adiabatic temperature changes (∆Tad) obtained from Cp(T) data. 
